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 Abstract  In the last years there has been enormous progress in the molecular 
understanding of fungal disease resistance in plants. Research on effector-based 
immunity which is mediated by major resistance ( R ) genes has been greatly stimu-
lated by the molecular isolation of plant resistance genes as well as the fi rst fungal 
effectors. In addition, the fi rst genes underlying QTLs or partial disease resistance 
have been cloned. However, much of this work is still in a phase of basic research 
and there is a need for translational approaches to realize the globally needed 
improvements of disease resistance in wheat. In particular, it is essential that future 
strategies are aiming at achieving durable resistance against pathogens. Durable 
resistance has been defi ned by Johnson (Genetic background of durable resistance. 
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Plenum, New York, pp 5–24, 1983) as a resistance which remains effective in culti-
vars that are widely grown for long periods and in environments favorable to the 
disease. In this article we will discuss different molecular strategies towards achiev-
ing durable disease resistance in wheat. In particular, our group focuses on the  Pm3 
allelic series of race-specifi c powdery mildew  R genes and the  Lr34/Yr18/Pm38/
Sr57 race non-specifi c multi-pathogen resistance gene. 
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 Genomics in Wheat: New Tools and Resources 
 New genomic tools have allowed scientists to develop approaches and strategies 
which are revolutionizing the way specifi c questions can be tackled in wheat. The 
availability of partial or complete genomic sequences, although mostly in a non- 
ordered form, allows for a more effi cient characterization of agronomically impor-
tant genes and to explore their use in classical or transgenic wheat breeding. 
Map-based isolation of genes relevant for agronomic traits and the study of their 
allelic diversity have become simpler and faster. In particular, the critical problem 
of insuffi cient marker coverage in a targeted region can now be approached more 
effi ciently. In a recent study, we have shown that chromosome sorting performed in 
the group of J. Dolezel and H. Simkova at the Institute of Experimental Botany in 
Olomouc, combined with next generation sequencing can be successfully used to 
effi ciently increase the number of single nucleotide polymorphism (SNP) markers 
in a specifi c chromosomal region (Shatalina et al.  2013 ). In this case, the targeted 
resistance QTL against  Stagonospora glume blotch is located on chromosome 3B, 
the only chromosome that can be isolated in pure form because of its size. However, 
we have recently found that the same approach can also be used in fractions which 
are not pure but enriched for a specifi c chromosome, even if only 25 % of the sam-
ple consists of the target chromosome (Singla et al., unpublished data). Although 
we are only at the beginning of exploiting these new tools, there are already a num-
ber of applications which are of direct use and that increase the effi ciency of resis-
tance improvement in wheat. 
 Natural Diversity as a Rich Resource for Basic 
and Applied Wheat Genetics 
 The study of natural diversity at the molecular level in the form of molecular allele 
mining does not only allow for the identifi cation of new functional disease resis-
tance alleles, but also for the characterization of the molecular basis of resistance 
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gene function and specifi city. By screening about 2,000 landraces from different 
geographical regions we were able to increase the number of known functional  Pm3 
alleles from seven to 16 (Bhullar et al.  2009 ,  2010 ). 
 Based on the available large dataset of functional and non-functional  Pm3 alleles, 
we could derive a hypothesis on functionally important amino acids in this protein. 
In particular, we focused on the nucleotide-binding-site domain (NBS) of the PM3 
protein. Alleles with a broad and a narrow resistance spectrum have been described. 
We found that a broad  Pm3 -spectrum range correlates with a fast and intense hyper-
sensitive response (HR) in a  Nicotiana benthamiana transient-expression system. 
This activity can be attributed to two particular amino acids in the ARC2 subdomain 
of the NBS. The combined substitution of these two amino acids in narrow- spectrum 
 Pm3 alleles enhances their capacity to induce a HR in  Nicotiana and, very interest-
ingly, we found that the same substitutions also broaden the resistance spectrum of 
the  Pm3f allele in wheat, resulting in an improved version of this gene. These results 
demonstrate the possibility for improvement of the NBS-“molecular switch” acting 
in the conversion of initial pathogen perception by the LRR into resistance-protein 
activation. Thus, we have found a way to enhance the resistance spectrum of an 
existing gene via minimal targeted modifi cations in the NBS domain. Ultimately, 
this might also allow the design of synthetic genes with new specifi cities and, ide-
ally, to develop a more durable type of resistance based on major genes. The appli-
cation of such fi ndings could be made with transgenic lines, but given that only very 
small changes are needed in the protein sequence, new technologies such as tran-
scription activator-like effector nucleases (TALEN) and related approaches might 
be used for gene editing in wheat. 
 Natural diversity also reveals mechanism of resistance gene evolution. We have 
found that the  Pm8 gene derived from rye and present on the frequently used 
1RS/1BL translocation in wheat is an ortholog of the wheat  Pm3 resistance gene 
(Hurni et al.  2013 ). The fi nding that orthologous genes have maintained their func-
tion against the mildew pathogen over an estimated seven million years revealed a 
surprising evolutionary stability of powdery mildew resistance gene activity. This is 
even more surprising given the fact that after the introduction of  Pm8 in cultivated 
wheat lines around 70 years ago, this resistance was rapidly overcome by the patho-
gen. Thus, we propose that the evolutionary events might have been quite different 
in the natural grassland ecosystems before agriculture compared to the modern agri-
cultural environments. 
 Transgenic Strategies for a More Durable Use of Major 
Resistance Genes 
 We have recently explored the transgenic use of the  Pm3 resistance alleles in wheat 
resistance breeding. We have isolated the  Pm3a–g alleles from different wheat lines 
and transformed them into the wheat genotype Bobwhite S26 under control of the 
maize ubiquitin promoter. A large fi eld trial performed in Switzerland in the years 
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2008–2010 has shown that most of these alleles confer improved resistance to pow-
dery mildew when overexpressed (Brunner et al.  2011 ). In particular, it is notewor-
thy that some transgenic lines had an improved resistance compared to the donor 
line with the same gene, indicating that overexpression can improve resistance 
activity. 
 Moreover, resistance was improved when transgenic lines with different func-
tional  Pm3 alleles were mixed in the fi eld (Brunner et al.  2012 ). This so-called 
multiline approach has been classically used in agro-ecosystems. However, the lines 
were never completely isogenic as the different resistance genes were introduced 
into the same genotypes by backcross breeding, resulting in relatively large chromo-
somal segments from the donors. Using a transgenic approach, we established true 
isogenic lines in the same genotype for a number of different  Pm3 alleles, with dif-
ferent race spectrum of resistance to wheat powdery mildew. We found a clear 
improvement of resistance in mixed stands containing lines carrying two different 
 Pm3 alleles, demonstrating the effectiveness of this approach. 
 The availability of many  Pm3 alleles in transgenic form also allowed us to pyra-
mid two alleles in the same genotype. Whereas in classical breeding alleles can only 
be combined temporarily in F 1 hybrids, the transgenes have inserted at different 
locations in the genome and can therefore be combined in a stable, homozygous 
form after crosses and selection for the presence of two or more alleles in the same 
plant. We are currently studying the different double homozygous lines for several 
allelic combinations. We fi nd situations of the expected additivity of gene function, 
but also interference. The molecular analysis of these lines is ongoing and promises 
to give fundamental new insight into resistance gene function. 
 Although the three approaches (overexpression, multilines, gene pyramidiza-
tion) described above for the transgenic use of major  R genes are still in an early 
phase in relation to applied wheat breeding, they show the potential of such new 
strategies. In particular it should be considered that wild relatives of crop plants 
hold great gene/allelic diversity for resistance. It is often diffi cult and very time- 
consuming to transfer genes from wild species into crops by classical breeding: it 
can take decades to derive agronomically useful material from such introgressions. 
Transgenic technology, together with a more rapid identifi cation of the relevant 
genes in the wild germplasm, provide a promising way to use the natural diversity 
more effi ciently and to rapidly develop pre-breeding material for further use. 
 Molecular Studies on the Durable Wheat Resistance Gene 
 Lr34/Yr18/Pm38/Sr57 
 Lr34/Yr18/Pm38/Sr57 (subsequently referred to as  Lr34 ) is a single wheat gene that 
confers durable and partial adult plant resistance against the four biotrophic dis-
eases leaf rust, stripe rust, powdery mildew and stem rust. This phenotype is also 
referred to as slow-rusting or slow-mildewing and is linked to leaf tip necrosis, a 
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morphological marker associated with senescence-like processes.  Lr34 has been 
extensively used in wheat breeding for more than a century and no pathogen adapta-
tion has been observed so far. Only a few genes with a similar phenotype have been 
identifi ed in wheat, namely  Lr46/Yr29/Pm39 and  Lr67/Yr49/Pm46/Sr55. Lr34 
encodes for an ATP-binding cassette (ABC) transporter protein (Krattinger et al. 
 2009 ). Members of this conserved protein family transport various substrates across 
biological membranes. The resistant  Lr34 allele, which differs by only two amino 
acid polymorphisms from the susceptible  Lr34 version, evolved after the domesti-
cation of hexaploid bread wheat 8,000 years ago through the acquisition of two 
gain-of-function mutations (Krattinger et al.  2013 ). An  Lr34 ortholog is absent in 
the closely related cereal barley. We therefore stably transformed the  Lr34 gene 
under its native promoter into barley cultivar Golden Promise (Risk et al.  2013 ). 
Interestingly, the gene conferred resistance against barley leaf rust ( Puccinia hor-
dei ) and barley powdery mildew ( Blumeria graminis f.sp.  hordei ), pathogens that 
are specifi c to barley and that do not infect wheat. In contrast to wheat, where  Lr34 
confers resistance only in adult plants, resistance in barley was already observed at 
the seedling stage. We also observed a strong leaf tip necrosis phenotype that was 
already visible in seedlings and that had a negative impact on plant vigor and seed 
setting. These results demonstrate that  Lr34 -resistance is transferrable to other cere-
als. However, tight control of  Lr34 expression is necessary to avoid negative impact 
on yield. The use of different, tissue- or age-specifi c promoters might allow generat-
ing barley plants with adequate levels of resistance and no impact on yield. 
 New Tools for Resistance Breeding Based on Pathogen 
Genomics 
 It is known that resistance which is based on  R genes or quantitatively acting genes 
can result in a yield penalty because of the associated costs of resistance. Therefore, 
new approaches based on completely different resistance mechanisms should also 
be considered and explored actively. One new strategy might be host-induced gene 
silencing (HIGS) which is based on RNAi and relies on a process where the pres-
ence of an RNAi construct in wheat would result in specifi c gene silencing in the 
pathogen. The success of this strategy has already been shown in transient assays 
(Nowara et al.  2010 ; Pliego et al.  2013 ). This approach is not based on endogenous 
resistance genes in the wheat host, but on sequence information from potentially 
relevant genes of the pathogen. Essential genes in the pathogen might be targeted by 
RNAi constructs expressed in wheat, resulting in down-regulation and ideally quan-
titative resistance against the specifi c pathogen species. In our group, we have 
recently developed the necessary genomic tools for such approaches in the wheat 
powdery mildew pathogen. The complete genomic sequence of the wheat powdery 
mildew genome is now available and can be used for such pathogen-based resis-
tance strategies (Wicker et al.  2013 ). 
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 Conclusions 
 The approaches described in this contribution are both based on classical as well as 
transgenic tools to improve disease resistance breeding in wheat. The transgenic 
approaches will critically depend on public acceptance and a predictable, effi cient 
regulatory framework. Given the enormous challenges for wheat production in the 
next decades, it is essential that the wheat scientists globally promote and explain to 
the public the use of classical and novel tools in breeding. 
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